Sequential phosphorus extractions were carried out to understand phosphorus cycling and enrichment in surface sediments along the eastern continental margin of India. Phosphorus associated with authigenic (P aut ) and biogenic (P bio ) phases is high by a factor of 2-10 in the continental shelf sediments compared to slope and deep-sea sediments. Phosphorus associated with Fe oxides (P Fe ) is enriched by a factor of 2-5 in the continental slope and rise sediments (500-3000 m water depth) compared to shelf sediments. Fe-Mn oxy(hydroxides) formed during early diagenesis adsorb phosphate from the water column or pore waters, thereby enriching the P Fe fraction in the continental slope sediments. These results are in contrast with those from the Arabian Sea, where wide and intense mid-depth oxygen minimum zone (150-1200 m water depth) releases P Fe to pore waters and enhances P aut accumulation in the continental slope sediments.
Keywords: Early diagenesis, metal-oxide cycling, phosphorus accumulation, surface sediments. PHOSPHORUS (P), an essential nutrient for life in the terrestrial and aquatic environment, is thought to control marine productivity on geological timescales 1 . Continental weathering is the most significant source of P to the oceans and is transported mainly by rivers in particulate and dissolved forms 2, 3 . The dissolved phosphorus forms are utilized by phytoplankton and subsequently released to the water column during organic matter regeneration. A part of the dissolved phosphate transforms to particulate form during biogeochemical processes in the oceanic environment. The particulate P also occurs in apatite and other minerals, and is generally not involved in biogeochemical processes. However, clay particles with coatings of Fe-Mn oxy(hydroxides) have high capacity to adsorb phosphate from freshwater. It has been shown that phosphate desorption from clay minerals is nearly 2-5 times high due to buffering when compared to dissolved phosphate load entering into the ocean via rivers 4 . Sediments are the main sink for authigenic P which occurs mainly as a mineral, carbonate flourapatite (CFA). CFA formation is predominant in sediments from shallow water depths and continental slope sediments experiencing coastal upwelling [5] [6] [7] [8] [9] . In oceanic sediments P is associated with several phases, viz. organic matter, adsorption to Fe-Mn (oxy)hydroxides, loosely-bound, fish debris and lattice-held apatite. The phosphorus associated with organic matter and Fe-Mn oxy(hydroxides) is reactive, while lattice-held phosphorus is not involved in biogeochemical processes. The burial of reactive P in oceanic sediments is a temporary phase, as these forms tend to redistribute to other phases during early diagenesis. Phosphate is released to pore waters during organic matter degradation, reduction of Fe-Mn (oxy)hydroxides and dissolution of fish debris 5, [8] [9] [10] [11] [12] [13] [14] . The pore waters on saturation precipitate as CFA, a final burial phase of P in oceanic sediments. The various phases of P can be studied with speciation analysis which has the advantage of characterizing various forms of P when compared to bulk analysis.
The Bay of Bengal is one of the few areas in the world where Mn enrichment and ferromanganese micronodules from shallow water depths have been reported [15] [16] [17] . In this region the foraminifera carbonate productivity is low due to strongly stratified surface layer 18, 19 . The upper slope sediments between water depths 150 and 500 m are also overlain by the oxygen minimum zone (OMZ), (Figure  1 a) . We have studied the phosphorus cycling, spatial variations, transformation and burial phases in these oceanographic settings. Earlier only ancient phosphorites were reported in the continental shelf and slope sediments off Chennai 20, 21 . Here we have undertaken sequential speciation experiments to distinguish various phases of P delivery and burial in the Bay of Bengal sediments.
Twenty-six core top sediments (0-2 cm) retrieved from continental slope, rise and deep sea (>400-4600 m water depth; Figure 1 b) along the eastern continental margin of India, collected during various cruises of ORV Sagar Kanya 157 (September-October 2000) and 187 (JanuaryFebruary 2003) were selected for the present study. In addition, nine surface sediments collected using the Peterson grab from a fishing boat along the eastern Indian continental shelf (<20 m water depth; Figure 1 b) were also selected. After sampling, the sediment samples were transferred under cold conditions and stored at 4C in cold repository till further laboratory analysis. Representative portions of the samples were dried in hot-air oven at 60C, powdered using an agate mortar and pestle, homogenized and stored in air-tight plastic vials until further analysis. Table 1 provides the sampling details and analytical results. Complete analytical protocol of P speciation modified by Schenau et al. 14 , and adopted by Prakash Babu and Nagender Nath 8 for the eastern Arabian Sea sediments provides in-depth details of speciation experiments followed in this study. The grain size was determined after removing carbonate and organic matter using Malvern laser particle size analyzer (Master sizer 2000) in a few selected samples.
Texturally, the sediments are mainly silty clay in the continental shelf, slope and rise (Figure 2) . The shelf sediments have high P aut (P associated with authigenic phase) and P bio (P associated with biogenic phase) concentration (147-375 ppm) compared to continental slope and continental rise sediments (12-149 ppm; Figure 3 and Table 1 ). P Fe concentration, on the other hand, is higher (41-252 ppm) in the continental slope and rise sediments compared to shelf sediments (33-95 ppm; Figure 3 ). High P Fe concentration (100-252 ppm) is restricted to sediments below the OMZ (Figures 3 and 4) . The processes leading to enrichment of P Fe content in the slope and rise sediments are discussed below.
The shelf sediments with high terrigenous input are sites for P burial. P sequestration as P aut is observed in several continental margin sediments, viz. Gulf of St Lawrence, the eastern Canadian shelf and slope, the Chesapeake Bay, the Portuguese continental margin sediments, Long Island Sound and Mississippi Delta which experience high terrigenous input 11, 22 . The Bay of Bengal shelf sediments with high terrigenous input from several peninsular Indian rivers are also the sites for P burial as P aut , similar to other continental shelf sediments. The shelf sediments with high sedimentation rates are also sites for biogenic apatite accumulation (P bio ) 23 . The biogenic apatite represents P associated with fish bone, scale and teeth accumulation. The biogenic apatite accumulation in the Bay of Bengal shelf sediments is due to shorter transit period in the water column, high sedimentation and reducing conditions either in pore water or close to the sediment-sea water interface The preservation of biogenic apatite under low dissolved oxygen concentrations is well established 8, 10, [23] [24] [25] . Low P Fe concentration in the Bay of Bengal shelf sediments also supports the same. P Fe surprisingly is enriched below the OMZ in continental slope sediments of the Bay of Bengal (Figure 3) . Fine-sized silty clay sediments from the continental shelf to rise infer that texture is not a factor for P cycling. Diagenetic recycling of metal oxides and the adsorption of P by metal oxides seem to enrich the P Fe fraction in the Bay of Bengal. High fluvial and clastic sediments, and rapid removal of organic matter by settling lithogenic material (ballast effect) enhances burial of labile organic matter in the study area. The presence of hydrolysable organic compounds indicates lower exposure time for dissolved oxygen, rapid burial of sedimentary labile organic carbon [26] [27] [28] [29] [30] , consumption of dissolved oxygen within the upper few centimetres in the sediment column and development of reducing conditions close to the interface. In addition, the fine-sized sediments, low porosity and less foraminifera carbonate productivity 17, 19, 31 limit diffusion of dissolved oxygen. These reducing conditions keep in pace with high sedimentation by being close to the interface. The continuous movement of reducing conditions with sedimentation remobilizes elements associated with organic matter and metal oxides, and diagenetically enriches several major and trace elements. High sulphate reduction rates (sulphate consumption) also reiterate the extent of organic matter oxidation and the associated diagenetic processes in the Bay of Bengal compared to the Arabian Sea 32 . The Fe-oxides which are utilized for organic matter degradation release reduced Fe and P to pore waters from Fe-reduction zone 33 . Both Fe and P diffuse towards the sediment surface. Due to oxygenated interface the reduced fraction of Fe 2+ precipitates as Fe-oxy (hydroxides), which adsorb pore water HPO 2 4 -diffusing upwards 7, 12, [34] [35] [36] . Fe-oxy (hydroxides) have large surface area which adsorbs phosphate from the water column and/or pore waters 7, 37 . With successive sedimentation, the Fe-oxy (hydroxides) along with adsorbed phosphate are buried and transferred to the Fe-reduction zone. This zone keeps in phase with sedimentation by remaining close to the interface. In the Fe-reduction zone again Feoxy (hydroxides) are reduced, release Fe 2+ and associated P again to pore waters, and diffuse towards the sediment surface. The diagenetic enrichment of P Fe in continental slope and rise sediments coincides with high Mn concentration and Fe-Mn micronodules in the study area 15 . The formation of ferromanganese micronodules in shallow water is a unique process in the Bay of Bengal. High Mn concentration in this region was explained in terms of its rapid cycling due to faster burial, transfer to Mnreduction zone, Mn dissolution, and upward diffusion and precipitation due to high consumption rates of oxygen 16, 17 . Continuous remobilization and rapid cycling of P associated with Fe-oxides close to the sediment-sea water interface promote diagenetic enrichment of the P Fe fraction in the study area (Figure 4 ). On the other hand, P Fe is released to pore water due to wide and intense mid-depth OMZ in the Arabian Sea. Due to dissolution of Fe (oxy)hydroxides in sediments underlying the OMZ 33 , the dissolved phosphate either accumulates in pore waters or diffuses to the overlying water column. The pore-waterdissolved phosphate upon reaching saturation precipitates as solid phase P aut mineral, CFA. The transformation of labile phases of P to solid phase CFA which enhances P-burial in continental slope sediments with varying dissolved oxygen concentrations from the Arabian Sea (Figure 4) has been explained earlier 8 . SOIL erosion is an issue where the adage 'think globally, act locally', is clearly applicable. Land degradation due to soil erosion is a momentous hazard in India 1 and gully erosion (i.e. extreme form of accelerated soil erosion) already engulfs about 3.975 million ha of land in India 2-4 . It is estimated that soil erosion takes place at the rate of 16.35 tonne ha -1 year -1 in India, and about 29% of total eroded soil is lost permanently to sea and 10% is deposited in reservoirs [5] [6] [7] [8] . Loss of soil is accelerated due to gully erosion which represents a major sediment producing process, generating between 10% and 95% of total sediment mass at catchment scale, whereas gully channels often occupy less than 5% of total catchment area [9] [10] [11] . A gully is defined as an
